A multidisciplinary design study considering the impact of Active Aeroelastic Wing (AAW) technology on the structural wing weight of a lightweight fighter concept is presented.
INTRODUCTION
Conventional aircraft design philosophy views the aeroelastic deformation of an aircraft wing as having a negative impact on aerodynamic and control system performance. The twisting of a wing due to aileron deflection during a roll maneuver can produce the phenomena of aileron reversal at high dynamic pressures. Aileron reversal is the point where the deflection of the aileron produces no rolling moment 1 . That is, the rolling moment produced by the change in camber due to aileron deflection is offset by the reduction in effective wing angle of attack due to aeroelastic wing twist. Aircraft designers have generally tried to limit the effects of aeroelastic deformation by designing geometrically stiff planforms (low aspect ratio, high t/c), increasing structural weight to provide additional stiffness, and/or using horizontal tails to provide supplemental roll moment. A conventional wing design presents a severe compromise between aerodynamic, control, and structural performance.
An emerging and promising technology for addressing the problem of adverse aeroelastic deformation is Active Aeroelastic Wing (AAW) technology. It has recently been a key area of study for both the government and industry 2, 3 and is defined by Pendleton et. al., as "a multidisciplinary, synergistic technology that integrates air vehicle aerodynamics, active controls, and structures together to maximize air vehicle performance" 4 . AAW technology exploits the use of leading and trailing edge control surfaces to aeroelastically shape the wing, with the resulting aerodynamic forces from the flexible wing becoming the primary means for generating control power. With AAW, the control surfaces then act mainly as tabs and not as the primary sources of control power as they do with a conventional control philosophy. As a result, wing flexibility is seen as an advantage rather than a detriment since the aircraft can be operated beyond reversal speeds and still generate the required control power for maneuvers. Figure 1 illustrates conceptually the differences between AAW technology and a conventional control approach. Wings designed with AAW technology are not subject to control surface effectiveness constraints, and thus have the potential to be lighter and/or more aerodynamically efficient. These more favorable aerodynamic characteristics may include higher aspect ratio and lower thickness ratio, trends normally associated with higher structural weight. It is likely that the wing geometry that takes maximum advantage of AAW will be different than the optimum wing geometry for a design with a conventional control philosophy. In fact, Yurkovich confirmed this notion in a study where Taguchi methods were used to understand the relationship between wing weight and wing geometry for both an Active Flexible Wing (AFW, a.k.a. AAW) design and a conventional control design 5, 6 .
He showed that the maximum reduction in wing structural weight achieved by the use of AFW occurred at higher aspect ratios and lower thickness ratios.
Conversely, he showed that the minimum weight savings occurred at lower aspect ratios and higher thickness ratios, designs typical of current fighter technology 5 .
Thus, AAW could produce a dramatic paradigm shift in wing design, allowing the use of wing geometries traditionally considered "poor" from a structural viewpoint, but "good" from an aerodynamic one.
In order for this paradigm shift in wing geometry design to occur, and for the maximum potential of AAW technology to be realized, a clear comparison between AAW and a conventional control approach over the wing geometry design space must be provided to the conceptual level designer. This guidance, in part, will include the influence of wing design parameters (e.g., aspect ratio, taper ratio, etc.) on structural weight which can be expressed as equations to be used in the synthesis and sizing of a new fighter concept. Traditionally, these equations have been regressions of historical data.
However, since AAW is a new technology and falls outside the range of validity of the historical data, one must rely on physics-based simulation to generate these relations. This challenge of designing new aircraft concepts for which the historical weight database is invalid and more detailed simulations are required has been addressed in other arenas of aircraft design. References [7] and [8] used finite element methods and equivalent laminated plate analysis, respectively, in conjunction with a Design of Experiments/Response Surface Methodology (DOE/RSM) to generate wing weight response surface equations (RSE) as a function of wing geometry for a High Speed Civil Transport (HSCT) concept. In addition, Reference [9] demonstrated a procedure to develop wing bending material weight equations for a HSCT using finite element based structural optimization. The equations were obtained by a RSM in which a quadratic polynomial was fit to data obtained from a set of structural optimizations. These equations were then incorporated into a synthesis/sizing code to replace the historically based equations being used. The motivation for these studies was due to the fact that the HSCT has very few historical counterparts, thus making the weight equations in the synthesis/sizing code, which were primarily developed from a database of subsonic transports, highly questionable.
AAW technology faces a similar challenge. Traditional weight equations used in the sizing of fighter concepts will not likely provide accurate estimates of wing structural weight. Instead, detailed aerodynamic and structural simulations, incorporating accurate modeling of AAW technology, must be used to understand the new relationships between wing weight and wing geometry. It is to this end that this paper represents a first attempt.
TOOLS

RESPONSE SURFACE METHODOLOGY
This paper seeks to understand how wing weight varies with changes in wing geometry of a fighter concept and then attempt to quantify this variation in the form of equations which can be used by future conceptual designers in making wing geometry decisions. These equations are developed for a conventional control approach and an AAW approach, so that a clear comparison of the two control schemes can be made. To achieve this, the authors utilize DOE/RSM 10, 11 . These techniques employ design of experiments and statistical multivariate regression to relate a response to a set of contributing variables, often when this relationship is either too complex or unknown to find analytically 12 . Such is the case with the relationship between wing weight and wing geometry. Thus, an empirical approach must be used to develop an approximate model of the exact relationship. The approximate model, for the purposes of this study, is a 2 nd order polynomial equation, also referred to as a RSE, and takes the following form:
The coefficients (b i , b ii , b ij ) are estimated using least squares regression of computer simulated data, which is provided in an organized manner through a DOE.
After checking the statistical and predictive accuracy of the RSE within the designated design space, the designer can use the RSE as a convenient model with which to examine a very complex design space. It is precisely this visibility that gives DOE/RSM an advantage over traditional optimization approaches, particularly in a conceptual design setting where design "openness" is desirable.
PARAMETERIZATION OF FINITE ELEMENT AND AERODYNAMIC MODELS
The wing weight is estimated for several wing geometries by means of the multidisciplinary optimization tool, Automated Structural Optimization System (ASTROS) 13 . ASTROS combines finite element methods with aerodynamic and trim modules, in conjunction with gradient-based optimization routines to optimize the thickness of structural members to minimum weight while meeting user-defined constraints, such as static and dynamic aeroelastic requirements. Particularly when using finite element methods, a change of external geometry can often prove to be a challenging and time-consuming task since a new model must be created, usually in a manual fashion. The authors have addressed this problem by assuming that the internal structural layout (i.e., number of ribs and spars) remains unchanged from some baseline model. Thus, each finite element model (FEM) which corresponds to a geometry different than the baseline has the same number of nodes as the baseline model. The locations of these nodes are parametrically defined by the external wing geometry. In essence, the finite element mesh is "pushed and stretched" from its baseline value, which means that the connectivity of each element will remain unchanged as long as the changes in geometry stay within reasonable limits. The location of most of the wing nodes are specified to remain at the same percentage of span and same percentage of chord length as the external geometry of the wing changes from its baseline geometry. The location of these nodes for the new geometry are defined by the following relationships:
where the subscript base refers to the baseline geometry, the subscript new refers to the new geometry, x te is the streamwise location of the wing trailing edge corresponding to the node of interest, similarly x le is the streamwise location of the leading edge, and (b/2) is the aircraft semispan (see Figure 2 for the definition of the coordinate system).
However, not all of the model's nodes follow the rules of Equations 2 and 3. Notable exceptions include:
• Leading edge hingeline nodes -The rule that governs the location of these nodes ensures that each hinge remains perpendicular to the leading edge spar.
• Nodes near side-of-body -The spanwise location (y value) of side-of-body nodes remains fixed, since the width of the fuselage is assumed to remain constant for each model.
• Wing carry-thru structure nodes -These nodes define bar elements that must be perpendicular to the fuselage.
• Tip missile nodes -The location of these nodes are defined so that the shape of the missile remains the same, but moves to follow the wing tip of the new configuration. is based on the premise that each node of the wing box has a "partner" node which shares the same x and y value, but whose vertical location differs depending on whether the node is on the upper or lower surface. In addition, Equation 4 assumes that the camber of the wing is small and that the mean camber line remains fixed for each geometry (where the mean camber line is defined by the midpoint between the upper and lower surface).
Since this study is exploring only the effect of wing geometry parameters on wing weight, the nodes associated with the vertical tail, horizontal tail, and foreand aft-fuselage remain unmoved for each new model. In addition, the authors, in the interest of keeping the comparison of each geometry as "fair" as possible, have constrained the mean aerodynamic center to have the same x value for each model.
A linear, flat panel aerodynamic model is also modified for a change in wing geometry. Similar to the structural model, the number of panels in the aerodynamic model remains the same from case to case, with their location being a function of the wing geometry. The structural model (upper half) and the aerodynamic model (lower half) are shown in Figure 3 for two different wing geometries.
MODELING OF AAW BY TRIM OPTIMIZATION
The basic equation for static aeroelastic analysis by the finite element method is:
where [K] is the stiffness matrix, [A] is the aerodynamic influence coefficients matrix transformed to the structural degrees of freedom, [M] is the mass matrix, [P] is a matrix of the rigid aerodynamic force coefficients due to non-acceleration trim parameters, {u} are the displacements and rotations at the structural nodes, q is the dynamic pressure, and {δ} is the non-acceleration trim parameter values (e.g., aileron deflection, steady roll rate).
For static aeroelastic trim, Equation 5 is decomposed to the following equation, which in essence, is simply a balance of aeroelastic and inertial forces 14 .
where [L] is the resultant aeroelastic mass, {ü r } is a vector of rigid body accelerations, and [R] is the resultant aeroelastic trim forces. In the case where the number of free trim parameters is equal to the number of supported degrees of freedom (DOF), Equation 6 has a closed form solution. For example, an antisymmetric rolling maneuver with a specified steady roll rate is a one DOF trim problem in which the negative moment about the aircraft centerline due to the roll rate must be balanced by the positive moment created by a control surface (e.g., aileron) deflection. If only one control surface is used, then the calculation of the control surface rotation to trim the aircraft to the user-given roll rate is elementary. However, if multiple control surfaces (i.e., redundant surfaces) are desired to trim the aircraft to a steady state roll, then the closed form solution no longer exists. The trim solution must then be formulated as an iterative problem to determine the "best" combination of control surface rotations that trim the aircraft. Older versions of ASTROS have solved Equation 6 for nonredundant control surfaces, but a new module of ASTROS poses the solution of Equation 6 for redundant control surfaces as an optimization problem to minimize an objective of interest to the structural designer 15 . In particular, one would desire to deflect the surfaces in such a way as to favorably modify the maneuver loads, so that ultimately weight might be reduced.
The trim optimization capability is of relevance to this study, because AAW technology makes use of multiple, redundant control surfaces. As a result, the authors desire to determine the optimal combination of control surface rotations for each maneuver to which the structure will be sized, which include both symmetric and antisymmetric maneuvers.
In previous work, the objective of the trim optimization problem has been to minimize the overall control surface actuator command signal or in other terms, control energy, using a NewtonRaphson method 16, 17, 18, 19 . Similarly, Miller in Reference [20] formulated the trim optimization problem as a minimization of a control surface energy function, subject to bending moments, torque moments, hinge moments, roll rate, and roll acceleration constraints. The process employed a gradient-based optimization algorithm. As the ultimate goal of AAW technology is to reduce weight, the authors of the current effort have formulated the trim optimization problem for the symmetric maneuvers as a minimization of root bending moment (RBM), subject to the trim balance requirement (satisfaction of Equation 6), control surface travel limits, and hinge moment (HM) constraints. Since RBM directly affects stress in the wing skins, the authors felt that minimizing RBM would reduce structural weight since stress would be lowered, hence reducing the required skin thickness to satisfy allowable stress values. Zillmer in Reference [21] also posed the trim optimization in a similar manner though using a composite function of stress, drag, and buckling load as the trim optimization objective. For the current case, the symmetric trim optimization problem can be formally stated as:
Minimize: RBM Subject to:
Surface Travel Limits -30° < δ LEI < 5°, -30° < δ LEO < 5°, -30° < δ TEI < 30°, -30° < δ TEO < 30°, -30° < δ TAIL < 30°, -10° < α < 30° Hinge Moment Constraints where α is the angle of attack, δ i are the control surface deflections, n cs is the number of wing control surfaces, m is the aircraft mass, a z is vertical acceleration, LEI refers to the inboard leading edge surface, LEO is the outboard leading edge surface, TEI corresponds to the inboard trailing edge surface, TEO is the outboard trailing edge surface, and L const and M const refer to the lift and moment terms that are not dependent on control surface deflection and angle of attack. The lift and moment derivatives of Equations 7 and 8 are the dimensional flexible stability derivatives, calculated in ASTROS by a decomposition of Equation 5. Equations 7 and 8 are essentially Equation 6 cast in terms of a two DOF symmetric maneuver. Their inclusion as constraints insures that any trim solution balances the aircraft in lift and in pitch. By formulating the optimization problem in this manner, the authors hope to show that the wing control surfaces for the symmetric maneuvers can be used to tailor the load distribution and provide load relief at the wing root, thus ultimately reducing wing weight.
For the antisymmetric maneuvers, the trim optimization is formulated as a minimization of the total hinge moments, subject once again to the surface travel limits, hinge moment constraints, and trim balance requirements, as given formally by:
Minimize:
HM LEI + HM LEO + HM TEI + HM TEO Subject to:
Surface Travel Limits -30° < δ LEI < 5°, -30° < δ LEO < 5°, -30° < δ TEI < 30°, -30° < δ TEO < 30° Hinge Moment Constraints where £ is rolling moment, and p is the user-specified roll rate. Equation 9 is the trim equation (Equation 6) for a rolling maneuver, which as discussed earlier is simply a balance of rolling moments about the aircraft centerline.
Both of the trim optimization problems above are solved using a Modified Method of Feasible Directions algorithm within the commercial software MICRO-DOT 22 .
Reference [15] discusses in detail the theory of the new ASTROS trim optimization module, and how it fits into the overall ASTROS framework. Figure 4 shows the structural model for the baseline geometry. It is a preliminary design finite element model of a lightweight composite fighter aircraft with 4 wing control surfaces (2 trailing edge, 2 leading edge) and a horizontal tail 23,24. It corresponds to a wing with an aspect ratio of 3.4, a total planform area of 330 ft 2 , a taper ratio of 23.2%, a leading edge sweep of 37.0°, and a thickness ratio of 4%. The skins of the wing are made up of 4 composite orientations, 0°, + 45°, and 90° plies, where the thickness of the -45° and +45° orientations are constrained to be equal. In addition, the composite wing skins are designed (tailored) in thickness and percentage of thickness to orientations, via ASTROS optimization routines, to meet specified maneuver and strength requirements 25 .
BASELINE STRUCTURAL AND AERODYNAMIC MODELS
Figure 4 -Structural Model for Baseline Geometry
The aerodynamic model is shown in Figure 5 . It is a flat panel Carmichael 26 model containing 143 vertical panels and 255 horizontal panels. It also contains paneling for the four wing control surfaces and horizontal tail to coincide with the control surfaces on the structural model. ASTROS has been modified to allow inclusion of Carmichael panel geometry and aerodynamic influence coefficients which then replace the existing aerodynamic database entities created by USSAERO, ASTROS' original aerodynamic module 15 . Carmichael aerodynamic influence coefficients are produced for two Mach numbers, 1.2 and 0.95, for both symmetric and antisymmetric conditions 25 .
Figure 5 -Aerodynamic Model for Baseline Geometry
The design variables in the structural optimization are the layer thickness of the composite skins. The number of design variables is 78 due to physical linking of the skin elements. Internal structure and carry-thru structure remain fixed for this study. Table 1 shows the maneuver conditions and strength constraints to which the structure is designed. For those cases employing conventional control technology, the horizontal tail is used to trim the aircraft for both of the symmetric maneuvers, and the outboard aileron is used to trim the aircraft for the subsonic roll.
For the supersonic roll a blending of inboard aileron and horizontal tail deflection is used, similar to the F-16, where the horizontal tail deflects 0.38° antisymmetrically for every degree of inboard aileron deflection. For the AAW cases, all five control surfaces are used for the symmetric maneuvers, and only the four wing control surfaces are used for the rolling maneuvers. In addition, the control surface effectiveness constraints are eliminated for the rolling maneuvers when using AAW technology, since as was suggested earlier, wings designed with AAW are not subject to surface effectiveness constraints.
RESULTS
DESIGN SPACE DEFINITION
The first phase of the study is to define the wing geometry design variables of interest and their ranges (i.e., define the design space). The fighter concepts that this study is examining have trapezoidal wings. As a result, only four variables are needed to uniquely define the planform of the wing. The authors have assumed that the wing area of each configuration will remain constant, in addition to the sweep of the 40% chord line. Thus, there are two remaining planform parameters that can be varied. The authors have chosen aspect ratio and taper ratio as the planform variables, and thickness ratio as an additional design variable, since it so heavily influences wing torsional stiffness and thus, weight. Table 2 lists the variables and their associated ranges, which are based, in part, on the interests of the authors and also on the limitations of "stretching" the finite element mesh too far from its baseline value. 
DESIGN OF EXPERIMENTS
Wing weight RSEs are created for both a conventional control approach and an AAW approach. These equations are determined by least square regression of weight results calculated at a finite set of points in the wing design space. A face-centered central composite DOE 10 provides these points. Features of the central composite DOE are that it combines a full/fractional factorial DOE, in which corner points of the design space are tested, with additional experiments for the center and faces of the design space. Table 3 shows the DOE table for the three wing design variables, and the responses that are collected. Cases 1 through 8 correspond to the full factorial DOE, while Cases 9 through 14 correspond to the faces of the design space and Case 15 to the center of the design space.
For each geometry, given by a row in the DOE table, wing weight is calculated by performing an ASTROS structural optimization for both a conventional control approach and an AAW approach (Weight AAW , Weight Conv ). Wing weight here refers only to the weight of the wing box skins. The weight of internal structure, nonstructural mass, and the weight of the control surfaces is not considered, as the authors are more interested in the relative weight differences between AAW technology and a conventionally controlled design, rather than the absolute weight itself.
CALCULATION OF WING WEIGHT
The estimation of the wing weight for the conventionally controlled designs is a relatively straight-forward process in which the skin thicknesses of the structural model are optimized to meet previously defined maneuver requirements (Table 1) , where the maneuvers are performed using standard control surfaces. The final weights for each case are shown in Table 3 (Weight Conv ). For the AAW cases, the process is not so simple, as multiple control surfaces are used and whose settings are dependent on results of a trim optimization. Originally, the intent was for the trim optimization process to be performed within the structural optimization loop 15 , as the optimal control surface deflections are a function of the structural design. In other words, for each iteration in the structural optimization, the control surface deflections for the current structural design would be optimized according to the formulation described earlier. Then, with these new deflections the structural optimizer would proceed to take another step, pause again for trim optimization, and so on, until the structural optimization objective, wing weight, converged. However, difficulty in implementing the software mandated that the trim optimization be done separately from the structural optimization. Instead, trim optimization is performed only on the starting structural design (i.e. those laminate thicknesses which describe the starting point of the structural optimization). This, clearly, is a limitation, as the optimal surface deflections for the starting structural design will not be optimal for the final structural design.
The results of the trim optimization, then, are control surface deflections for each of the maneuvers to which the structure is sized, with the exception of the supersonic symmetric maneuver (Maneuver 2). The authors decided not to perform trim optimization on the supersonic push over maneuver, because during the structural optimization of the conventional cases, the constraints associated with this maneuver were never active. In essence, Maneuver 2 contributed little, if nothing, to the sizing of the structure, and thus the authors decided that this maneuver could be neglected in the trim optimization procedure. As a result, even for the AAW cases only the horizontal tail was used to trim the aircraft in Maneuver 2.
For the symmetric pull up (Maneuver 1), the trim optimizer in all cases deflected the outboard leading edge surface down and deflected both trailing edge surfaces up. As a result, more load is shifted inboard, or in other words, the center of pressure moves inboard, thus causing a significant reduction in root bending moment. For the subsonic rolling maneuver (Maneuver 3), the optimizer tended to favor usage of the trailing edge surfaces, which makes sense, as these surfaces are far more effective in roll than the leading edge surfaces at subsonic speeds. Notable exceptions to this trend, though, included Cases 5, 6, 7, 8, and 10 where some leading edge deflection was needed. These cases correspond to wings with aspect ratios of 5, where even at subsonic speeds, the trailing edge surfaces are beginning to lose effectiveness. For Maneuver 4, the optimizer relied heavily on the leading edge surfaces and very little on the trailing edge. This is consistent with the AAW claim that when trailing edge surfaces are reversing, the leading edge surfaces can be used to provide roll control.
Once the trim optimization is complete, the optimal deflections are carried over to the structural optimization by the following procedure:
1. In the structural optimization for the symmetric maneuver, the wing control surfaces (δ LEI , δ LEO , δ TEI , δ TEO ) are set to their optimized values, and the angle of attack and horizontal tail deflection are the free trim parameters.
2. In the structural optimization for Maneuver 3, a new surface is created that links all four wing surfaces together according to gear ratios that dictate how much the control surfaces deflect with respect to the new surface. This new surface is defined by a CONLINK entry in the ASTROS bulk data. These gear ratios are calculated by dividing the optimal deflections of each of the wing surfaces by the optimal deflection of the outboard trailing edge surface. This new "artificial" surface then becomes the free trim parameter for the rolling maneuver, and the gear ratios remain fixed through the course of the structural optimization.
3. In the structural optimization for Maneuver 4, another new surface is created similar to in Maneuver 3 with the one difference that the gear ratios are calculated by dividing by the optimal deflection of the outboard leading edge surface.
Gear ratios are not created for the symmetric maneuver, because the authors discovered that if the wing surfaces were geared to the horizontal tail, then as the structural optimization progressed these surfaces would deflect to unreasonably large values, because they were "slaved" to the horizontal tail. This was particularly true for those surfaces whose optimal values were already at the limit of their allowable deflection. As a result, the authors decided to fix the wing surfaces to their optimal values, let them remain fixed through the structural optimization and let angle of attack and horizontal tail rotation be the free trim parameters.
REGRESSION OF DATA TO CREATE RSEs
After the optimized structural weights are calculated for each case of the DOE , which also provides valuable statistical information about the fit of the RSE to the data that was used to create it. Among the important pieces of information pertaining to the fit of the RSE is the R 2 value. In essence, the R 2 measures what percentage of the variation in the data is being captured by the assumed quadratic model. An R 2 of 1 indicates that all variation in the data is being captured by the model, or in other words the quadratic model perfectly fits the data. Lower R 2 values indicate that not all of the variation in the data is being captured.
For the conventional approach weight, the R 2 value turned out to be mediocre, at best, at a value of 0.85, while the AAW weight R 2 value was a little better at 0.92. This prompted the authors to explore the possibility of transforming the response in an attempt to improve RSE fit without the need to run any more additional cases. This transformation is known as a power transformation and is discussed in detail in Reference [28] . The theory of the transformation is beyond the scope of this paper, but its steps are outlined here: For the conventional control weight the best Λ is -0.8, while for the AAW weight the best transformation is the natural log transformation. A natural log transformation corresponds to a Λ of 0, which seems unintuitive since any response raised to 0 is 1. However, Reference [28] explains this reasoning by an expansion of Y Λ and taking its limits as Λ goes to 0 . Figure 6 is a plot of wing weight versus aspect ratio. One clearly sees the significant weight savings that AAW technology can provide particularly for the high aspect ratio, high thickness ratio cases. In addition, for the same weight AAW technology would allow the use of a higher aspect ratio wing, which agrees with the initial AAW claim that for the same amount of wing weight a better aerodynamically performing wing can be used. Figure 7 , which is a plot of weight versus thickness ratio, shows once again that maximum weight savings due to AAW technology occurs for the higher weight wings. This conclusion is similar to one made by Yurkovich in Reference [5] . In addition, one observes the significant impact that thickness ratio has on weight as weight decreases dramatically with increasing thickness ratio. It is important to note, however, that the weight equations do not consider the impact of drag, so it is reasonable to expect that at some higher thickness ratio, the weight would begin to rise. Also, one can begin to see why a quadratic model was a poor predictor of the exact relationship between weight and geometry, particularly for the conventional approach, as weight grows very quickly with decreasing thickness ratio. In the plot of weight versus taper ratio (Figure 8 ), one observes that taper ratio does not have nearly the impact on weight as do the other two geometry parameters. There is, though, the consistent trend of increasing weight with increasing taper ratio, which makes sense as more wing area (and thus more load) is shifted outboard as the taper ratio increases.
VALIDATION
One final test of RSE fit is a validation test, where the wing weight is evaluated at a number of random points in the design space and compared to its value as predicted by the RSE. The conventional approach RSE is validated in Table 4 by evaluating the wing weight for four cases where each case corresponds to a random point in the wing geometry design space ( Table 2 ). The weight from each case is then compared to that predicted by the RSE and a percent difference calculated. Table 4 shows that the largest difference between the actual and RSE predicted weights is just under 7%, indicating that the RSE is a good predictor of the exact relationship between wing weight and wing geometry for the conventional approach. At the present time, a validation test has not been performed on the wing weight equation for AAW technology.
CONCLUSIONS
A process has been implemented by which wing weight equations are developed for a lightweight composite fighter considering both AAW technology and conventional control technology. For future design studies of advanced fighters that employ AAW technology, these equations could then be used to complement the historically based equations that are currently residing in standard synthesis/sizing codes. The study demonstrated the viability and effectiveness of several key elements of the wing weight generation process. These include the parameterization of a finite element and linear aerodynamic model, use of design of experiments/response surface methodology techniques for computationally affordable function approximation, and recent advances in aeroelastic design methods to include trim optimization for the modeling of AAW technology. The use of such physics-based tools is necessary to effectively design for some advanced technologies such as AAW where the historically based equations are no longer valid.
The study results indicate that AAW technology is an enabler for dramatically expanding the wing planform design space, allowing the use of better aerodynamically performing wings at significantly less weight penalty. AAW technology offers a solution to static aeroelastic design constraints, such as aileron effectiveness for rolling maneuvers, typically applied in aircraft design. In addition, the study showed that AAW technology can also provide root bending moment relief for symmetric maneuvers. Since this study did not include flutter constraints on the design, the benefits shown would be attributed to "advanced AAW", which would include a flutter suppression capability. Separation of these benefits will be a motivation for further work in this area. Additionally, the total impact of AAW technology on the vehicle system design has not been addressed here, but will also be addressed in future efforts.
